The C. elegans somatic gonadal precursor cell (SGP) divides asymmetrically to establish gonad-specific coordinates in both sexes. In addition, the SGP division is sexually dimorphic and initiates sex-specific programs of gonadogenesis. Wnt/MAPK signaling determines the gonadal axes, and the FKH-6 transcription factor specifies the male mode of SGP division. In this paper, we demonstrate that C. elegans cyclin D controls POP-1/TCF asymmetry in the SGP daughters as well as fkh-6 and rnr expression in the SGPs. Although cyclin D mutants have delayed SGP divisions, the cyclin D defects are not mimicked by other methods of retarding the SGP division. We find that EFL-1/E2F has an antagonistic effect on fkh-6 expression and gonadogenesis, which is relieved by cyclin D activity. We propose that cyclin D and other canonical regulators of the G1/S transition coordinate key regulators of axis formation and sex determination with cell cycle progression to achieve the sexually dimorphic SGP asymmetric division.
Introduction
Asymmetric cell divisions are a widespread mechanism for generating diverse cell types during animal development (Betschinger and Knoblich, 2004) . Model asymmetric divisions include those of the C. elegans zygote, the C. elegans EMS blastomere, and the Drosophila neuroblast and sensory organ precursor ( elegans. This division establishes the proximal-distal axis of the gonad of both sexes, and it is sexually dimorphic (Kimble and Hirsh, 1979) . By teasing apart the molecular regulators of the SGP division, we will learn how precursor cells establish an organ coordinate system and how asymmetric divisions can be modulated during development to generate distinct organs.
The C. elegans embryo generates a four-celled go- Sulston et al., 1983) . Within the primordium, one SGP resides at each of the two opposite poles, and two germline precursors lie between ( Figure 1A ). During the first larval stage (L1), the SGP divides asymmetrically in both sexes to generate proximal and distal daughters that establish gonadal axes. The SGP division is also sexually dimorphic with respect to both size and fate of its daughters. The hermaphrodite SGP makes distal and proximal daughters of roughly equal size, but the male SGP produces a smaller distal daughter and a larger proximal daughter ( Figure 1A ). In addition, the SGP daughters exhibit sexspecific behaviors (e.g., migration) ( Figure 1A ) and generate sex-specific regulatory cells that control gonad elongation and germline proliferation ( Figure 1B ). Therefore, the SGP asymmetric division initiates sex-specific programs of gonadogenesis that generate a doublearmed ovotestis in hermaphrodites and a single-armed testis in males (Figure 1B The second pathway controls the sexual dimorphism of the SGP division. Most important for this work are two transcription factors. FKH-6 is a forkhead transcription factor that specifies the male-specific SGP division during the first larval stage of development (Chang et al., 2004 ). FKH-6 controls sex determination, specifically in the SGPs, and does not affect sex determination in other tissues or at other times of gonadal development; however, it does have a second and more poorly defined late larval role in hermaphrodite gonadogenesis (Chang et al., 2004) . TRA-1 is the C. elegans GLI transcription factor that acts in virtually all tissues to specify the female fate (Hodgkin and Brenner, 1977; In this paper, we identify the single C. elegans cyclin D gene, cyd-1, as a key regulator of axis formation and sex determination in the gonad. Cyclin D functions during L1, and it appears to be specific to the SGP and its immediate daughters. The cyd-1(q626) mutation is a missense allele, and its effects can be mimicked by cyd-1 RNAi. Cyclin D has its effect on gonadogenesis via the canonical cell cycle machinery, including the cyclin-dependent kinase 4 (cdk-4), Rb (lin-35), E2F (efl-1), DP (dpl-1), the CDK inhibitors (cki-1 and cki-2), and cyclin E (cye-1). Cyclin D affects axis determination in both sexes by promoting POP-1 asymmetry and controls the sex-specific cell size asymmetry of the male SGP division, apparently by relieving E2F repression of the fkh-6 gonad-specific sex determination gene. Cyclin D also affects rnr::GFP expression, specifically in SGPs, and slows the SGP cell cycle. However, other methods of slowing the SGP cell cycle did not mimic cyd-1 defects. We propose that cyclin D and regulators of the G1/S transition coordinate both specification of distalproximal organ axes and specification of sexual fate with the cell cycle.
Results

Early Gonadogenesis Defects in q626 Mutants
We have isolated a temperature-sensitive mutation, called q626 (see Experimental Procedures). At the permissive temperature of 20°C, q626 homozygotes of either sex were virtually normal, but, at the restrictive temperature of 25°C, they had gonadal defects in both sexes. Normally, hermaphrodites have a gonad with two extended U-shaped "arms," one anterior and one posterior ( Figures 1C and 1G ), but when raised at 25°C, some q626 hermaphrodites were missing either one or both arms (Figures 1D and 1G) . Importantly, q626 hermaphrodites with one gonadal arm were self-fertile, and no other gonadal defects were observed. In contrast to this relatively mild effect on hermaphrodites, q626 had a severe effect on male gonadogenesis. Wildtype adult males and most adult q626 males raised at 20°C have an extended J-shaped gonad ( Figures 1E  and 1H ). By contrast, most adult q626 males had disorganized gonads that were not extended when raised at 25°C (Figures 1F and 1H) . Furthermore, some male q626 mutants developed a hermaphrodite vulva (3%, n = 145; data not shown). These q626 effects were gonad specific in both sexes: growth was similar to that of wild-type animals, movement seemed unaffected, nongonadal tissues developed normally, and embryonic survival was normal.
To learn when q626 affects gonadogenesis, we imposed selected temperature regimens on this temperature-sensitive mutant. In both hermaphrodites and males, the gonad developed normally when raised at the permissive temperature during the L1 stage and then shifted to the restrictive temperature from the L1 molt through adulthood; by contrast, gonad development was defective when L1 larvae were exposed to the restrictive temperature and were then returned to the permissive temperature from the L1 molt through adulthood ( Figures 1I and 1J) . We conclude that q626 affects gonadogenesis during the L1 stage in both sexes. ., 1999) . At the restrictive temperature, about one-third of q626 hermaphrodites were missing one lag-2::GFP-expressing DTC (32%, n = 91, data not shown), and about one-half of q626 males were missing the lag-2::GFP-expressing LC (58%, n = 78, data not shown). Therefore, the lack of arm extension in q626 gonads is due to missing leader cells.
The size of q626 male gonads was variable, apparently due to a varying extent of germline proliferation. In males, germline proliferation is controlled by "male DTCs" (mDTCs), two small cells residing near the distal tip of the wild-type male gonad (Kimble and White, 1981) . These mDTCs also express lag-2::GFP, but that expression is much weaker than in leader cells (Blelloch et al., 1999) . Whereas all wild-type male gonads had two lag-2::GFP-expressing mDTCs (100%, n = 20), only a small percentage of q626 males had detectable lag-2::GFP-expressing mDTCs (23%, n = 78). Therefore, mDTCs are not generated normally in q626 XO gonads. We conclude that q626 affects the production of distal SGP daughters in both sexes. 3B ). Second, a DNA fragment spanning the cyd-1 locus was able to rescue q626 gonadal defects (see Experimental Procedures). Finally, q626 failed to complement either of two cyd-1 null mutations (he112 and he116).
We next asked if cyd-1(q626) alters gonad-specific activity or reduces activity more generally. The cyd-1(he116) allele, henceforth called cyd-1(0), deletes the promoter region and the first two exons and is thought to be a null allele ( and van den Heuvel, 2005). We confirmed that cyd-1(0) SGPs divide once or, at most, twice, and that gonadal development then arrests in both sexes. Indeed, although later gonadal development did not occur in cyd-1 null mutants, the male SGPs generated daughters of roughly equal size, and proximal SGP daughters did not migrate. Both of these findings are diagnostic of a feminized SGP division (n = 6). To assay later gonadal development, we turned to cyd-1(q626)/cyd-1(0) transheterozygotes and cyd-1 RNAi. Gonadal defects were more penetrant in cyd-1(q626)/cyd-1(0) transheterozygotes than in cyd-1(q626) homozygotes, at both permissive and restrictive temperatures and in both sexes ( Figure 3C ). Furthermore, cyd-1 RNAi gonads were affected much like cyd-1(q626) ( Figure 3C ). The simplest explanation is that the cyd-1(q626) lesion reduces activity of the locus.
SGP Divisions Are Delayed in cyd-1 Males and Hermaphrodites
We next asked if the timing of cell divisions was impaired in cyd-1(q626) mutants relative to wild-type. At the restrictive temperature, wild-type SGPs divided between 7 and 9 hr after hatching in both sexes (males, n = 9; hermaphrodites, n = 13), and two subsequent divisions in the SGP lineage occurred at approximately 10 and 13 hr after hatching, respectively ( Figure 3D ). By contrast, cyd-1(q626) SGPs divided 12 or more hr after hatching, just prior to or during the L1 molt, in both sexes (males, n = 7; hermaphrodites, n = 11) ( Figure  3D ). Subsequent rounds of division occurred during L2, and their timing was normal relative to the SGP division ( Figure 3D ). Intestinal divisions were not delayed in cyd-1(q626) mutants, and the adult number of intestinal nuclei was normal (n = 20; Figure 3D) . Similarly, the B blast cell divided normally in cyd-1(q626) males (n = 20; Figure 3D) , and both cyd-1(q626) hermaphrodites and males had the normal number of coelomocytes (six in hermaphrodites, five in males), which was seen when using the unc-122::GFP coelomocyte marker (data not shown). Therefore, cyd-1(q626) SGP divisions are delayed specifically, but that delay is not sexually dimorphic.
Control of Gonadogenesis by Other Cell Cycle Regulators
We next investigated other components of the cell cycle machinery for effects on gonadogenesis ( Figure 4A ). To learn whether CYD-1 works with its CDK-4 partner to control gonadogenesis, we depleted cdk-4 during larval development by using RNAi, but cdk-4(RNAi) effects were minimal ( Figure 4B ). Nonetheless, cdk-4(RNAi) enhanced cyd-1(q626) gonadogenesis defects: at the permissive temperature (20°C), cyd-1(q626); cdk-4(RNAi) hermaphrodite gonads had missing arms and cyd-1(q626); cdk-4(RNAi) male gonads were misshapen ( Figure 4B ). Most importantly, the cyd-1(q626); cdk-4(RNAi) male gonads expressed hermaphrodite-specific gonadal markers for anchor cell, sheath, and spermatheca (60%, n = 33). Therefore, cyd-1 and cdk-4 are likely to work together to control gonadal sex determination.
CYD-1/CDK-4 promotes S phase initiation by inhibiting two parallel sets of regulators (Koreth and van den Heuvel, 2005) ( Figure 4A ). The first set includes LIN-35/ Rb, EFL-1,2/E2F, and DPL-1/DP, and the second includes two inhibitors, CKI-1 and CKI-2 (Koreth and van den Heuvel, 2005). We therefore asked if cyd-1 defects could be suppressed by removal or depletion of these downstream genes. Our results are summarized in Figure 4B . Briefly, cyd-1 defects were suppressed by lin-35(0), efl-1(RNAi), dpl-1(RNAi), and cki-1/cki-2(RNAi): XO gonads were fully male, and XX gonads had two arms and were self-fertile. Therefore, cyd-1 appears to be acting through lin-35, efl-1, dpl-1, and the cki genes to control the SGP division.
C. elegans cyclin E is encoded by a single gene, cye-1, which acts downstream of cyd-1 to control entry into S phase (Koreth and van den Heuvel, 2005) ( Figure  4A ). Although cye-1(RNAi) male and hermaphrodite gonads were largely normal, cye-1(RNAi) enhanced the cyd-1(q626) defects at the permissive temperature: cyd-1(q626); cye-1(RNAi) animals of both sexes had defective gonads (Figure 4B) , and male gonads expressed hermaphrodite-specific gonadal markers (56%, n = 25). Therefore, cye-1 appears to affect the SGP division in the same manner as cyd-1. The simplest interpretation is that cyd-1 affects gonadogenesis through the canonical cell machinery that controls the G1/S phase transition. (Friedman et al., 2000) . Using gon-4 RNAi, we found the same effect: most SGP divisions were delayed by w3 hr, but others (e.g., B, I) were not. We focused on the delayed SGP divisions: hermaphrodite SGPs generated roughly equal-sized daughters that did not migrate (n = 14), and male SGPs generated dramatically larger proximal daughters that moved anteriorly (n = 8). Therefore, it seems unlikely that an SGP-specific cell cycle delay is responsible for the aberrant SGP divisions in cyd-1 mutants. . We found that a sys-1 loss-of-function mutation is similarly a strong dominant enhancer of cyd-1(q626) at both the permissive and restrictive temperatures, and that ectopic SYS-1 can suppress cyd-1(q626) (Figure 5A ). Therefore, cyd-1(q626) appears to influence the Wnt/MAPK pathway.
cyd-1
We next asked if cyd-1(q626) affects POP-1 asymmetry. In wild-type animals, GFP::POP-1 is higher in the nuclei of proximal than distal SGP daughters (Figures  6B-6D; Siegfried et al., 2004) . By contrast, in cyd-1(q626) hermaphrodites, GFP::POP-1 asymmetry in SGP daughters was sometimes abolished: in 4 of 12 animals, Figures 5E-5G) . The frequency of this defect in POP-1 asymmetry was similar to that at which cyd-1(q626) hermaphrodites are missing a gonadal arm. We also examined GFP::POP-1 in fkh-6(0) hermaphrodites, which sometimes lack a DTC (Chang et al., 2004 ), but we found no effect on GFP::POP-1 asymmetry (n = 67; Figures 5H-5J). GFP:: POP-1 localization was also not affected by gon-4(RNAi) (Figures 5K-5M) . Therefore, cyd-1, but not fkh-6 or gon-4, influences POP-1 asymmetry in SGP daughters.
To find out if cyd-1(q626) affects POP-1 asymmetry in nongonadal tissues, we examined T cell and V cell daughters. In wild-type hermaphrodites, nuclear GFP:: POP-1 is more abundant in anterior T and V daughters (Herman, 2002) . Similarly, POP-1 asymmetry was normal in T and V cell daughters in cyd-1(q626) mutants (n = 28). We also looked for T cell lineage defects in cyd-1(q626) animals by their ability to take up the lipophilic dye, DiO (Herman and Horvitz, 1994). In wild-type animals, descendents of the T cell (phasmid neurons in the tail, PHA and PHB) stain with this dye. DiO was taken up normally by phasmid neurons in all cyd-1(q626) mutants (n = 84). We conclude that the cyd-1(q626) defect in POP-1 asymmetry is specific to the SGPs.
cyd-1 Controls fkh-6 Expression in the SGPs
The similarity of the cyd-1(q626) and fkh-6 gonadal defects suggested that cyd-1 might control fkh-6 expression. In wild-type animals, a fkh-6::GFP reporter is expressed in the SGPs of both sexes beginning in L1, prior to the first SGP division. In hermaphrodites, fkh-6::GFP expression ceases just after the SGP division, but, in males, expression persists several hours after the SGP division. fkh-6::GFP is also expressed much later (L3 to adult) in the hermaphrodite spermatheca (Chang et al., 2004) . In wild-type animals of both sexes, fkh-6::GFP expression began in the SGPs at about 6 hr after hatching ( Figures 6A and 6H, black bars) . By contrast, fkh-6::GFP expression was either delayed or absent in the SGPs of cyd-1(q626) mutants in both sexes ( Figures 6D and 6H, red bars) . Specifically, few SGPs expressed fkh-6::GFP 6 hr after hatching, only about half expressed the reporter after 8 hr (males, 50%, n = 60; hermaphrodites, 43%, n = 124), and even 12 hr after hatching, fkh-6::GFP was absent from many SGPs ( Figures 6D and 6H, red bars) . In those cyd-1(q626) mutants that did express fkh-6::GFP, that expression ceased as normal in both hermaphrodites (just after the SGP division) and males (several hours after the SGP division). Therefore, cyd-1 does not affect the sexually dimorphic nature of fkh-6 expression. Furthermore, fkh-6::GFP was not seen in cyd-1(0) SGPs (n = 38 SGPs, data not shown). The hermaphrodite spermathecal expression could not be tested in cyd-1(0) mutants, but it appeared normal in cyd-1(q626) hermaphrodites at the restrictive temperature (100%, n = 50). We also examined fkh-6::GFP expression in gon-4(RNAi) animals and gon-4(q519) mutants and found no defects (n = 26, Figure 6G ). Therefore, cyd-1 controls fkh-6 expression specifically in the SGPs of both sexes.
We next examined other SGP markers. In wild-type larvae, tra-1::GFP, pes-1::GFP, and lag-2::GFP are all expressed in both hermaphrodite and male SGPs . We therefore considered the idea that the efl-1/E2F gene might repress fkh-6 expression. Consistent with that possibility, we sought potential E2F binding sites in the 5# flanking region of fkh-6, and we found one possibility (TTTGCGG) at positions −1584 to −1577. As described above, fkh-6::GFP expression in SGPs is delayed or absent in cyd-1 mutants of both sexes compared to wildtype. In efl-1 RNAi animals, fkh-6::GFP was expressed, and it was in fact expressed earlier than in wild-type ( Figure 6H, blue bars) . Although expression of fkh-6:: GFP occurred earlier than normal in both hermaphrodites and males, hermaphrodite gonadogenesis remained normal and was not masculinized; male gonadogenesis was also normal and not feminized. Earlier expression of fkh-6::GFP was also seen in cyd-1(q626); efl-1(RNAi) SGPs ( Figure 6H, purple bars) . Therefore, fkh-6::GFP expression appears to be repressed by E2F, and cyclin D appears to relieve that repression. 
Functional Relationship of cyd-1 and fkh-6
Loss-of-function mutations in cyd-1 and fkh-6 have similar effects on gonadal sex determination (this work; Chang et al., 2004), and fkh-6 expression is defective in cyd-1 mutants (this work). To ask if cyd-1 and fkh-6 function in the same regulatory pathway, we compared the effects of fkh-6(0) and cyd-1(q626) in double mutants with tra-1. It was previously seen that fkh-6 has a synergistic effect with tra-1: the SGP lineages in fkh-6; tra-1 double mutants arrest after one or, at most, two divisions (Chang et al., 2004) . Similarly, we observed a synthetic phenotype in cyd-1(q626); tra-1 double mutants ( Figure 7A ). This synthetic effect is less severe than that seen in fkh-6; tra-1 double mutants, but the cyd-1 mutant is not a null allele, and its effects on fkh-6 gene expression are partially penetrant. The synthetic effect of both genes with tra-1 supports the idea that cyd-1 and fkh-6 act in the same pathway.
We also examined fkh-6(0); cyd-1(q626) double mutants, and found no synergistic effect in males, as might be expected since fkh-6 single mutants are fully penetrant ( Figure 7A ). By contrast, hermaphrodite gonads were affected more severely in fkh-6(0); cyd-1(q626) double mutants than in either single mutant ( Figure 7A ). It is important to note that the lack of gonadal arms in fkh-6 single mutants results from a defect later in gonadogenesis than seen in cyd-1 mutants (this work; Chang et al., 2004), and, furthermore, that POP-1 asymmetry was not affected in fkh-6 mutants (see above). The simplest interpretation is that cyd-1 and fkh-6 control the generation of hermaphrodite gonadal arms by distinct mechanisms, and that the more severe phenotype typical of fkh-6; cyd-1 double mutant hermaphrodites reflects an additive effect. The cyd-1 defects are specific for the SGP division. SGP divisions are delayed, but other larval blast cells divide normally; fkh-6 and rnr expression are affected in SGPs, but other cells express these genes normally; and POP-1 asymmetry is abolished in the SGPs, but it occurs normally in non-gonadal blast cells. Why are the SGPs affected so specifically in cyd-1(q626) mutants? One possibility might have been that cyd-1(q626) identifies a domain that mediates an SGP-specific control. However, gonad defects typical of cyd-1(q626) mutants were also observed after cyd-1 RNAi, which depletes cyclin D but does not eliminate it. We suggest that cyd-1(q626) is a partial loss-of-function allele, and that the SGP division is particularly sensitive to the level of cyclin D activity. Interestingly, the cyd-1(cc600) mutation also acts in a cell type-specific manner, affecting only the division of embryonically derived coelomocytes (Yanowitz and Fire, 2005) . Therefore, individual cell divisions appear to have distinct requirements for cyd-1 activity.
Discussion
The SGP cell division is delayed in cyd-1 mutants, raising the possibility that the cyclin D effects on POP-1 asymmetry and fkh-6 expression might be nonspecific. Cell cycle length has been implicated as a factor in both cell fate specification and proper asymmetric divisions both in C. elegans and Drosophila (Ambros One possibility is that CYD-1 controls events in the SGP mother cell to subsequently affect POP-1 asymmetry in her daughters. If this is the case, we note that fkh-6 is not required, because POP-1 asymmetry is not abolished in fkh-6 null mutants. Alternatively, CYD-1 might influence POP-1 asymmetry in the daughters themselves. We attempted to distinguish between these two possibilities with temperature shifts, but the experiment did not have sufficient resolution (C.T., unpublished data). Regardless, the CYD-1 regulation of POP-1 and fkh-6 appear to be distinct, suggesting that cyclin D is a common regulator of both gonadal regulators ( Figure 7B ).
Cyclin D Relieves E2F Repression to Promote fkh-6 Expression
We have found that cyclin D works together with other major regulators of the G1/S transition to control the SGP asymmetric division (Figure 4 ). Most importantly, RNAi depletion of efl-1, which encodes an E2F-related transcription factor (Ceol and Horvitz, 2001 ), suppressed the cyd-1 defects. This suppression was observed in both sexes, suggesting an effect of E2F on both POP-1 asymmetry and fkh-6 expression. Although we do not know the specific Wnt/MAPK signaling component regulated, several lines of evidence suggest that fkh-6 is controlled antagonistically by cyclin D and E2F: an fkh-6 reporter was either not expressed at all in cyd-1 mutant SGPs or expressed late; by contrast, fkh-6 expression was restored in cyd-1; efl-1(RNAi) SGPs and was seen earlier than normal in efl-1(RNAi) SGPs. Therefore, cyclin D and E2F have opposite effects on fkh-6 expression. Given the gonadal feminization by depletion of cyclin D, one might think a priori that depletion of E2F might masculinize the hermaphrodite gonad. However, in wild-type L1s, fkh-6 is typically expressed in both hermaphrodite and male SGPs, and E2F depletion did not masculinize the hermaphrodite gonad. The simplest explanation is that E2F normally represses fkh-6 expression, and that cyclin D relieves that repression. Although we identified a canonical E2F binding sequence in the fkh-6 promoter, biochemical experiments will be required to learn whether fkh-6 is a direct target of E2F repression. We conclude that the G1/S regulatory machinery controls fkh-6 expression. 
Cyclin D as a Key Regulator of Metazoan Development
Experimental Procedures
Strains and Genetics Standard protocols were used for culturing C. elegans strains (Sulston and Hodgkin, 1988). Strains were derived from the Bristol strain N2 and maintained at 20°C unless otherwise noted (Sulston and Horvitz, 1977) . The high incidence of male mutation, him-5(e1490), was included in strains to generate males (Hodgkin, 1983) . The following mutations were used for this work: LGI, lin-35(n745); pop-1(q645); sys-1(q736); LGII, fkh-6(q641); cyd-1(he116); cyd-1(he112); unc-52(e444); dpy-10(e128); unc-4(e120); rol-1(e91); bli-1(e769); LGIII, tra-1(e1099); LGIV, gon-4(q518); LGV, him-5(e1490). The following integrated transgenes were used: arIs51 [cdh-3::GFP] (Pettitt et al., 1996) LG IV and V, nT1[qIs51]. qIs48 and mIs14 carry the integrated array of ccEx9747, which is an extrachromosomal array of three GFP constructs: the myo-2 and pes-10 promoters and one driven by a gut-specific enhancer (Edgley and Riddle, 2001 ).
Isolation, Mapping, and Molecular Analysis of cyd-1(q626) cyd-1(q626) was isolated in an F2 mutagenesis screen of him-5(e1490) animals for gonadogenesis defects. The q626 mutation was then mapped to a region on LGII between ptr-18 and zyx-1 by using a combination of three-factor mapping and SNP mapping as described by Wicks et al. (2001) . For SNP mapping, q626, non-unc-52(e444) mutant males were isolated, and the following primer sets were used to narrow the q626 region: corresponding to C50E10: 22022, 5#-TCGGGTCTCTCCAAAAACTC-3# and 3#-CTCCTTCAGTA CCATATGGCTC-5#, cut with EcoRI; corresponding to Y38F1A: 41752, 5#-TAGGAAAGTTGTGTCCACCTGG-3# and 3#-TGATGACTC CTTCTTCAGCTGC-5#, cut with BamII; corresponding to F15D4: 22810, 5#-TTCCCATTTTCCTCCCAG-3# and 3#-TCAAAAACCCAGA CACTGG-5#, cut with DraI; corresponding to F37B1:13109, 5#-TCT CCAAGATGAGAGAGAACCACTG-3# and 3#-TCGCCGATTTGCTGG TACAG-5#, cut with AseI; corresponding to C31C9:11976, 5#-CAGTGACTAACGCCCCAAAACTC-3# and 3#-GCTTCGTGTGATTCT TCTTTTGGG-5#, cut with NlaIII; corresponding to Y51H1A:30057, 5#-GATTCGGAATGGGTGTTG-3# and 3#-TCTTGAATGCGTGGTGTG-5#, cut with TaqI; corresponding to Y48B6A:98880, 5#-GGTTTCCAGG TGATTCATAGCG-3# and 3#-TATAGGACGGTTCGGTGAGAAG-5#, cut with NlaIII. q626 was placed to the right of the SNP on Y38F1A and to the left of the SNP on F15D4. q626 failed to complement two null alleles of cyd-1, he112, and he116. A PCR fragment containing 1000 bp upstream of the predicted start codon through the predicted poly(A) signal rescued cyd-1(q626) mutants. cyd-1 RNAi was performed as described below. A template for sequencing of cyd-1(q626) was made by amplifying genomic DNA from N2 or cyd-1(q626) animals by using Roche PCR reagents. Three independent PCR reactions were sequenced for each cyd-1 fragment amplified by using Big-Dye Terminator Ready Reaction Mix (PE/Applied Biosystems). Sequencing of q626 DNA identified an A-to-G change in the third exon of the coding region. DAPI Staining, Lineage Analysis, and Imaging DAPI staining was performed as previously described by Kadyk and Kimble (1998) . Briefly, animals were collected from plates in Eppendorf tubes and washed once in M9, fixed 5 min in −20°C methanol, washed twice in M9, stained with 0.1 g/ml DAPI in M9 for 20 min, washed twice in M9, and mounted for fluorescence microscopy. Fluorescent images were captured with a Zeiss Axioskop by using Openlab software and were processed with Adobe Photoshop and Illustrator. Lineage analysis was performed by following cell divisions with standard DIC microscopy methods on a Zeiss Axioskop (Sulston and Horvitz, 1977) . Males were identified by the presence of the large B blast cell in the tail.
RNAi and Hydroxyurea Experiments
All RNAi experiments were performed by growing synchronized larvae on bacteria expressing dsRNA as previously described (Ashrafi et al., 2003; Kamath et al., 2001) , with the exception of RNAi corresponding to cki-1/cki-2, which was injected. For hydroxyurea treatment (HU), synchronized larvae were grown at 20°C for 6 hr, then transferred to plates containing 40 mM HU for 4-6 hr (Ambros, 1999). Larvae were then transferred back to normal plates. SGP cell division was assayed at the time larvae were transferred back to normal plates and at 1 hr intervals until division was observed. In all gon-4(RNAi) experiments, SGPs were delayed by approximately 3 hr compared to wild-type controls.
